We have investigated plasma stagnation and interaction effects in colliding laser-produced plasmas. For generating colliding plasmas, two split laser beams were line-focused onto a hemicircular target and the seed plasmas so produced were allowed to expand in mutually orthogonal directions. This experimental setup forced the expanding seed plasmas to come to a focus at the center of the chamber. The interpenetration and stagnation of plasmas of candidate fusion wall materials, viz., carbon and tungsten, and other materials, viz., aluminum, and molybdenum were investigated in this study. Fast-gated imaging, Faraday cup ion analysis, and optical emission spectroscopy were used for diagnosing seed and colliding plasma plumes. Our results show that high-Z target (W, Mo) plasma ions interpenetrate each other, while low-Z (C, Al) plasmas stagnate at the collision plane. For carbon seed plasmas, an intense stagnation was observed resulting in longer plasma lifetime; in addition, the stagnation layer was found to be rich with C 2 dimers. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Recently, laser-produced colliding plasmas have found potentially attractive applications in the field of X-ray lasers, pulsed-laser deposition (PLD), laser ion sources, and in the generation of astrophysical objects in the laboratory frame. [1] [2] [3] [4] [5] [6] [7] [8] [9] Despite extensive experimental and theoretical progress in the dynamics of single laser produced plasmas (LPPs), little attention has been paid to the study of the nature and dynamics of laser-produced colliding plasmas even though several new applications are emerging. Several target geometries and configurations [10] [11] [12] [13] [14] have been used for generating and investigating colliding plasmas where a number of observations were reported and parameters determined such as changes in the kinetic energy of the ablated species and the degree of their ionization. 15, 16 Previous studies showed that chargechanging collisions among species in the plume will happen during such interpenetration. 17, 18 Most of the reported colliding plasma results focused on generating astrophysical objects in the laboratory frame, which require high temperature and high density plasma schemes and hence higher laser intensities were used (>10 13 W cm
À2
). 19, 20 Colliding plasma schemes are also useful for understanding plasma screening effects in fusion chambers. For operating fusion reactors with high implosion repetition rates, the chamber should be cleaned to near pristine condition after each implosion. 21 In such extreme environments, the reactor wall materials will be exposed to short x-ray pulses and fusion generated fragments and the chamber walls are believed to have to withstand a total flux density of $10 J/cm 2 /pulse. 22 This will cause ablation of the wall material leading to plasma formation and collision among the core and wall plasmas within the reactor chamber. Exposed to such extreme fluxes, plasma-facing components (PFC) are expected to eject particles and generate stagnation plasma clouds, aerosols, or clusters, depending on the choice of material. Such extremely high exposure levels will limit the wall lifetime and potentially act as a serious impediment to the achievement of high implosion rates due to laser light scattering or deflection by the potential colliding plasma clouds. Recent studies showed that colliding plasma experiments can be used to simulate aerosol formation in chamber walls. [23] [24] [25] In this article, we used a colliding plasma experimental scheme to investigate the collision and plasma screening effects similar to PFC ablation in fusion reactors. The seed plasmas were generated using 1064 nm, 6 ns Nd:YAG laser pulses. The interpenetration and stagnation of plasmas of candidate fusion wall materials, viz., carbon and tungsten, and other materials, viz., aluminum and molybdenum were investigated in this study. The colliding plasmas of high-Z metals (W and Mo) did not result in stagnation and their seed plasmas were simply found to interpenetrate each other. On the other hand, Al plasmas showed interpenetration at early times followed by a moderate stagnation. However, in the case of carbon, an intense stagnation layer was observed in the colliding seed plasmas. Therefore, more detailed spectroscopic studies have been carried out in the carbon stagnation layer to study electron density and temperature, C 2 formation and vibrational temperature, and other stagnation layer properties.
II. EXPERIMENTAL SETUP
A schematic of the experimental setup is shown in Fig. 1(a) . The seed plasmas were generated using 1064 nm, 6 ns pulses at a pulse repetition rate of 10 Hz provided by a Nd:YAG laser. The laser beam energy was controlled using a combination of a waveplate and a cube polarizer and split into two equal energy parts using a beam splitter. Different target materials were used, viz., C, Al, Mo, and W, in this study. Each of these materials was carefully machined into the form of a hemi-circular shaped target (radius $ 1.5 cm). Both split laser beams were line focused onto the target surface horizontally (along the target curvature), using cylindrical lenses with f ¼ 40 cm, each yielding a 1 cm Â 0.01 cm spot with a laser irradiance at the foci $8.3 Â 10 8 W cm
À2
. Both beams arrive at the target at the same time. This peculiar target geometry along with line focusing will lead to focusing of the seed plasmas approximately in the center of the hemispherical target focal point ( Fig. 1(b) ). The target was continuously translated inside a vacuum chamber (pressure $ 10 À5 Torr) using a mechanical stage to provide a fresh surface for each laser shot.
Various plasma diagnostic tools were used for analyzing seed and colliding plasma properties including optical emission spectroscopy, intensified charged coupled device (ICCD) fast gated imaging, Faraday Cup (FC), etc., more details of the associated instrumentation can be found elsewhere. 26, 27 The self-emission from the plasma was collected using appropriate optics and focused onto the slit of a 0.5 m triple grating Czerny-Turner spectrograph. A dove prism was used to rotate the seed plasma and stagnation layer plume images so that they expanded up along the slit height of the spectrograph. The dispersed light was detected by an ICCD, which was attached to the spectrograph. The ICCD camera was also utilized for studying hydrodynamic expansion features of both single and colliding plasmas. Synchronization of the laser and ICCD camera was achieved with the aid of a programmable timing generator (PTG) and a fast photodiode was used to monitor the onset of each laser pulse. The flux and the kinetic energy profiles of the ions emanating from single and colliding plasmas were measured using a FC detector. The FC detector was mounted $15 cm away from the target surface, 10 off-normal to one of the seed plasma laser focal lines and biased negatively for electron shielding. The FC was positioned such a way that plasma screening effect can be monitored by the presence of second plasma.
III. RESULTS AND DISCUSSION

A. ICCD fast imaging
The laser intensity used for generating each seed plasma was $8.3 Â 10 8 W cm À2 and hence it is expected that plumes emit predominantly in the visible region of the electromagnetic spectrum. Fast photography employing an ICCD camera was used for studying hydrodynamic expansion of the plumes and its collision features. Fast imaging provides two-dimensional snap shots of the three-dimensional expansion of the plume 27, 28 and is a very useful diagnostic technique for understanding the colliding plasmas propagation hydrodynamics and stagnation. We used different target materials (C, Al, Mo, W) for this study to get a better understanding of when and where interpenetration or stagnation happens at the colliding interface. 29 In laser produced plasmas, the physical and chemical properties 30, 31 of the target are one of the governing factors determining the ion charge state, velocity, particle density, etc. Hence, depending upon the target material, the generated plume's ion emission features (velocity, flux) as well as plasma properties (temperature, density) will vary even at constant laser intensity. In this work, a hemi-circular target was used and laser beams were focused in such a way that the seed plasmas came to a material focus at the center of the hemi-circle. Figs. 2-5 give typical time-resolved images for W, Mo, Al, and C single and colliding plasmas. All these images are spectrally integrated in the spectral region 350-800 nm, while each image is obtained from a single laser shot and normalized to its maximum intensity for easier intercomparison. The images of both single and colliding plasmas were taken in vacuum with a gate width of 10% of respective gate delay. The selection of 10% gate width with respect to gate delay is for compensating the reduction in plasma intensity with time.
The single plume images shown in Figs. 2-5 clearly show that the hemisphere target geometry leads to focusing of the plasma at the hemisphere focal point. In the present experiments, we used a line focus method on a curved target where each seed plasma contracts in the orthogonal direction as it propagates normal to the target tangent resulting in the observation of seed plasma plume focusing. The present experimental setup gives detailed information about interpenetration and stagnation in the colliding plasma region. Figs. 2 and 3 show that the W and Mo seed plasmas focus and collapse at the center of target at a time delay of $450 ns. Both interpenetration and stagnation are visible in the colliding plasma experiments for Mo and W targets, although the stagnation layer is found to be weak (bright spot at the focal point). It indicates that seed plasmas of W and Mo expand freely and interpenetrate each other in vacuum with a relatively small degree of stagnation (designated "soft" stagnation here) at the collapsing point.
The colliding plasmas obtained from Al targets (Fig. 4 schemes. In the case of aluminum, the stagnation regime is found to be brighter and interpenetration is significantly reduced compared to the high-Z seed plasmas. The colliding plasmas also appeared at earlier times ($300 ns) compared to W or Mo plasmas ($450 ns). This can be explained by considering the differences in the velocities of fast moving ions. The kinetic energy of the laser plasma ions scales inversely with the square root of the atomic mass. 32 At later times, the Al colliding region appears to move slowly at $45 with respect to seed plasma stream direction and this can be understood by considering the changes in momentum. Fig. 5 shows time-resolved images for carbon single and colliding plasmas, respectively. The ICCD images shown in Fig. 5 clearly show an intense stagnation at the colliding plasma plane in the center of the target geometry without any seed plasma interpenetration ("hard" stagnation). The colliding effects of carbon plasmas were found to significantly enhance the emission persistence from $2 ls to $8 ls by confining the seed plasma expansion.
Comparing the colliding plasma schemes for all materials studied, interpenetration is most prominent for high-Z targets, while stagnation is dominant for low-Z targets. When two streaming plasmas collide, various interactions can arise depending upon the ion velocity, density, and charge state. These may be of a collisionless type, in which case collective plasma effects occur, or they are collision-dominated type. Depending upon the collisionality of the plasmas, varying amounts of interpenetration are expected. Our studies here have shown that interpenetration and stagnation of collapsing plasmas are strongly dependent on the atomic mass, the high-Z targets like W and Mo showing greater interpenetration, while low-Z material such as C shows plasma stagnation with minimal interpenetration for the laser parameters studied here. The degree of interpenetration is determined by the seed plasmas relative velocity and density. The interpenetration or stagnation (hard or soft) at the colliding interface is determined by the collisionality parameter, which is given by
where D is the separation between the two seed colliding plasmas and l ii is the ion-ion mean free path given by
where e is the free space permittivity, m i is the ion mass, v 12 is the relative incoming seed plasma ion velocity, e is the electronic charge, Z is average ionic charge state of the plasma, n i is the ion density, and ln Ù 1!2 is the Coulomb logarithm. Based on this equation, the interpenetration and stagnation properties of seed plasmas are governed by ion velocity and density. Hence, we evaluated the kinetics of ion emission from these plasmas using Faraday cups for getting further insight.
B. Ion emission analysis
The fast gated imaging analysis showed that the plasmas generated by low-Z materials stagnate in the collision region, while the high-Z metal plasmas interpenetrate. So we evaluated the ion flux as well as velocities of single plasmas and the attenuation of the ion signal due to plasma shielding using a Faraday cup. Ion analysis employing FCs is one of the easiest technique to implement 1, 34, 35 and it provides significant information of the charge-integrated ion flux, ion temporal profiles, and hence kinetic energy distributions. Ion emission temporal-profiles from single and colliding plasmas of the four targets used, viz., W, Mo, Al, and C were collected and are given in Figs. 6 and 7 . The ion signals shown include the signals collected by the FC using a single laser beam to generate a seed plasma and collect ions from one of the horizontally expanding seed plasmas in the presence of second plasma. Previous studies showed that bulk of the plasma ions from ns LPP are emitted in a cone with an angle $45 with respect to target normal. 36 Typically, the angular distribution of ions in laser generated plasmas from solid targets follows an approximately Cos n function, where the value of n increases with the charge state and decreases with the atomic mass. 37 Hence, the ion contribution from the second seed plasma will be negligible considering the FC detector is positioned approximately orthogonal to the second seed plasma's expansion direction ( Fig. 1(b) ). The ion emission from the seed plasmas is expected to be significantly reduced if stagnation occurs.
The ion analysis using the FC showed that the ion flux decreased with increasing atomic mass of metal targets (Al, Mo, and W) for the laser parameters used in this study. On the other hand, the estimated velocities for Al, Mo, and W metal ions are 4.4 Â 10 6 cm/s, 2.2 Â 10 6 cm/s, and 2 Â 10 6 cm/s, respectively, and hence showed a decreasing tendency with increasing atomic number. A similar trend has been reported previously and noticed that the flux and velocity of ions depend on atomic mass as well as sublimation energy. 32 The ions emanating from C targets moved with a velocity $3.25 Â 10 6 cm/s. The kinetic ion current profiles also showed distinct differences between the high-Z and low-Z materials. Low-Z materials such as Al and C exhibited single peak ion distributions, while for high-Z materials (W and Mo) multiple peak structures. The multiple peak structure in the ion temporal profiles exhibited by high-Z elements was also reported recently 32 and was explained to be due to the presence of a higher flux of fast prompt electrons 38 in the case of high-Z targets compared to low-Z elements. The presence of fast prompt electrons leads to the generation of higher KE ions due to space charge effects that can accelerate a portion of highly charged ions. 32 Plasma screening effects can be understood by comparing the FC signals obtained from the seed and dual plasmas. The ion time-of-flight signals showed that the plasma screening effects decrease with increasing atomic number/mass, which is in agreement with the recorded ICCD images. Comparing the single and dual plasma ion intensities, we noticed that W and Mo have almost similar signals in terms of shape, intensity, and delay time. This indicates that both seed plasma ions are interpenetrating without undergoing significant collisions. Hence, the single plasma ion intensity and delay time did not change significantly with the introduction of the other seed plasma. In contrast, this is not true for the case of aluminum and carbon plasmas. In the case of aluminum and carbon, the ion signals for the single seed plasmas were attenuated in the presence of the second plasma. Moreover, the observed peak velocity of the ions is higher in the presence of screening plasma. For example, the peak velocities of Al ions in the absence and presence of screening plasma are 4.4 Â 10 6 cm/s and 5 Â 10 6 cm/s, respectively, while these values for the C target are 3.25 Â 10 6 cm/s and 3.4 Â 10 6 cm/s, respectively. It shows that the faster ions from the seed plasmas are interpenetrating, while the slower ions with higher density are decelerating in the vicinity of the collision plane. According to Eqs.
(1) and (2), the collisionality parameter varies inversely with ion-ion mfp, which scales as v 4 /n i . This implies that for low relative velocity and high-density seed plasmas, little or no penetration is expected and plasma species accumulation at the colliding interaction zone occurs forming the stagnation layer. The ion data analysis showed that the maximum probable velocity of the plasma ions is increasing with decreasing atomic weight. However, the ion flux values recorded for seed plasmas are significantly higher for low-Z materials compared to high-Z targets. This may lead to plasma stagnation in the case of low-Z targets such as C and Al, while more interpenetration can be expected for high-Z materials such as W and Mo.
C. Space-resolved optical emission spectroscopy
The ICCD imaging and ion profiles indicate the appearance of an intense stagnation region in the case of colliding carbon plasmas at the collision front. This leads us to investigate the properties of carbon stagnation layer using optical spectroscopy. Wavelength dispersed spectral images were recorded by rotating and focusing the self-emission images onto the vertical slit of the spectrograph for both seed and colliding carbon plumes by using a dove prism. Typical wavelength dispersed spectral images obtained from seed plasmas and the stagnation layer are given in Fig. 8 . These spectral images were recorded from the center of the single plume or from the center of the stagnation layer along their expansion directions. The spectral details obtained from seed and colliding plasmas for distances of 1.5 mm and 15 mm with respect to the target are given in Fig. 9 . The spectrometer slit direction is marked in Fig. 8 (c) (inset in Fig. 8(b) ) for both single and colliding plasmas. The Swan band emission corresponding to transitions between the d 3 P g and a 3 P u electronic states 39, 40 of the C 2 molecule for D ¼ À1, 0, 1, and 2 are clearly visible in this figure. These spectra were recorded with an integration time of 2 ls and a slit width of 100 lm.
The spectral images contained in Fig. 8 show that single plasma emission is very spatially confined, with a small extent (<3 mm) largely constituted by C 2 Swan band radiation. The exception is singly ionized species that exhibit bright line emission features at distances extending up to 25 mm from the target surface. This indicates that most of the emission contained in the ICCD images of seed carbon plasmas at farther distances originates from ionic species. However, the space and spectrally resolved spectra from the stagnation region showed only the presence of intense C 2 bands; hence ions were presumably absent or at least present in quantities too low to be detected against the bright C 2 emission.
The collisions in the stagnation region, which starts to form at large distances from the laser spot (at around $14 mm away from the target surface) lead to the conversion of a significant part of the seed plasmas kinetic energy to stagnation layer thermal energy. The ensuing radiation losses from the bright stagnation layer eventually cool it down so that it becomes an environment conducive to C 2 formation. 26, 27 The electron temperature and density estimates for the seed plasmas were made by employing optical emission spectroscopy. However, this method is not usable for estimating plume parameters of stagnation layer due to the absence of line emission. The Saha-Boltzmann method was used to estimate the temperature by using line intensities of C þþ (407 nm) and C þ (426.7 nm), while the Stark broadened line profile of C þ at 426.7 nm was used for the density estimate. The spatial variation of electron temperature and density are given in Fig. 10 for a carbon seed plasma. Due to plasma expansion, the electron density and temperature were found to decrease with increasing distance from the target surface. It can be seen from this figure that electron density decreases more rapidly with distance from the target surface than temperature. For example, the recorded temperature at 0.5 mm is 2.70 eV and decreases to 2.54 eV at 3 mm from the target or just 6%, while the corresponding figures for density are just above 1.8 Â 10
16 cm À3 and just below 0.6 Â 10 16 cm À3 or by a factor of 3. The slight reduction in temperature could be caused by confinement of the seed plasma due to plasma collapse.
Because of the lack of neutral or ionic lines, it was not possible to estimate the electron density and temperature in the stagnation region. However, the absence of these lines also indicates that the stagnation layer seen in the collapsing experimental scheme has a low electron temperature. Using the summation rule of the vibrational intensities of different Swan bands, 41 the stagnation layer C 2 vibrational temperature was estimated 27 from high resolution emission spectra. The spatial evolution of the vibrational temperature at the stagnation layer is shown in Fig. 11 . The maximum vibrational temperature of $0.95 eV is observed at a distance of 15 mm from the target. As the ICCD images show, the seed plasmas collapse and the plasma constituents from each plume accumulate at the collision plane followed by further collisions between the following plume material and full stagnation layer formation. The stagnation layer is found to expand or grow outwards along a direction of 45 with respect to seed plasma expansion axis. This causes the C 2 vibrational temperature to peak at around 15 mm, where most of the seed plasma species are focused leading to the brightest C 2 emission at the center of the curved target.
The laser produced carbon colliding plasmas showed brightest stagnation layer formation and ICCD images showed that interpenetration is minimal. However, the FC signal showed a part of the fast ions interpenetrated without collisions or plasma screening. It indicates that the faster ions escape the interaction zone before the formation of stagnation layer. The emission from the stagnation layer found in carbon colliding plasmas is mainly due to C 2 emission. It is well known that the C 2 plays a prominent role in the formation of carbon clusters and nanotubes. 23, 27 So the plasma collision at the center of fusion chambers with the use of C as a PFC may lead to rapid cooling of the plumes and generate debris in the form of clusters and nanotubes that can hinder the timely chamber clearing required for higher repetition rate.
IV. CONCLUSIONS
We investigated plasma stagnation and interaction effects in colliding laser-produced plasmas. The purpose of this research was to develop a better understanding of collision physics among plasmas in fusion reactors and subsequent screening effects and formation of debris. The single plume and stagnation layer dynamics of candidate fusion wall materials, viz., carbon and tungsten, and other materials such as aluminum and molybdenum were investigated using a multitude of plasma diagnostic tools. Fast ICCD images indicated that molybdenum and tungsten LPPs interpenetrate each other at the colliding interface, while aluminum seed plasmas initially interpenetrate and later stagnate. In contrast, the carbon target colliding scheme showed very intense stagnation in the collision region that increased significantly the persistence of plasma emission. The ion profiles indicate that colliding plasmas interpenetration exhibited by heavy metals, Mo and W, is due to lower ion density. This reduces the ion interaction time and probability of collisions. In contrast, aluminum and carbon ion profiles showed higher ion density helping to create a higher collision frequency and the concomitant formation of the stagnation layer.
Spectroscopic analysis of the stagnation layer formed by carbon plumes showed the increased persistence of emission from the stagnation layer evidenced by intense C 2 swan band emission. The stagnation layer formed at the collision plane is found to expand in a direction 45 with respect to seed plasma expansion direction. This is explained by changes in the momentum vector caused by plume collisions. The estimated temperature and density of seed plasmas showed reductions in both parameters with distance from the target, though the temperature decrease was moderate probably caused by plasma focusing. The vibrational temperature analysis of molecular band emission from the stagnation layer exhibited a temperature of $0.95 eV, which is significantly lower than the estimated temperature of the seed plasmas.
In the context of fusion reactor chamber clearing, the present results indicate that under similar laser irradiation conditions, for the PFC materials, tungsten and carbon, colliding plasmas showed different characteristics. While tungsten plumes interpenetrate each other at the collision interface for the laser parameters used in this study, carbon FIG. 11 . Spatial evolution C 2 vibrational temperature in the stagnation layer of carbon colliding plasmas. These measurements were obtained using the 600 g/mm grating of the spectrograph. An integration time of 2 ls and 100 lm spectrograph slit width were used. FIG. 10 . Spatial evolution of electron density and temperature of carbon seed plasma estimated using optical emission spectroscopy. The SahaBoltzmann method is used for the temperature estimate. The electron density was obtained from the Stark broadened profiles and they were recorded using the 1800 g/mm grating of the spectrograph. An integration time of 2 ls and 30 lm spectrograph slit width were used.
colliding plumes formed a strong stagnation layer, which could be a source of nanoparticles and plasma aerosols.
